1. Introduction
===============

Steel is widely used as part of our life in different applications in automotive, household appliances, machinery and heavy construction such as the marine, petroleum and chemical industries which make it very important to research corrosion and protection of iron and its alloys. The most issue of iron is how to improve its resistivity against corrosion phenomena, which is one of the major reasons for industrial accidents and consumption of material resources \[[@B1-molecules-19-06246],[@B2-molecules-19-06246]\]. There are different types of corrosive media such as salts, acids, humidity and microorganisms \[[@B3-molecules-19-06246]\]. It is well established that corrosion problems may be caused by microorganisms, acidification, formation of salt water and corrosive gases in numerous systems within the petroleum industry \[[@B3-molecules-19-06246],[@B4-molecules-19-06246],[@B5-molecules-19-06246]\]. Hydrochloric acid solutions are widely used among these various acids for stimulating carbonate-based reservoirs like lime stone and dolomite \[[@B5-molecules-19-06246]\]. Moreover, bacteria called sulfate-reducing bacteria (SRB) are always the responsible of these problems \[[@B6-molecules-19-06246]\]. Polymeric nanocomposites have recently attracted more attention as organic and inorganic coatings due to their outstanding properties \[[@B7-molecules-19-06246]\]. The organic constituent provides flexibility, reduces defects and improves compatibility with polymer coatings while the inorganic part is responsible for the superior adhesion to the metal surface and the high ductility. The corrosion inhibition properties of hybrid organic-inorganic coatings were enhanced by the incorporation of nanoparticles (or nanocontainers loaded with corrosion inhibitors) in the coating which reflected the superior adhesion of inorganic materials with iron surfaces \[[@B8-molecules-19-06246],[@B9-molecules-19-06246],[@B10-molecules-19-06246]\]. In this regards, homogenous dispersion of nanomaterials is a key factor in preparation of polymeric nanocomposites \[[@B7-molecules-19-06246],[@B11-molecules-19-06246],[@B12-molecules-19-06246]\]. Self-assembly nanomaterials (SAMs), which formed spontaneously by chemical adsorption on metal surfaces, can prevent corrosive ions from transferring to the metal surface so they can effectively protect the metal from corrosion \[[@B13-molecules-19-06246],[@B14-molecules-19-06246]\]. Many types of compounds have been used to make SAMs as corrosion inhibitors of the iron \[[@B15-molecules-19-06246],[@B16-molecules-19-06246]\].

Polymer/silver composites have attracted much attention among the wide range of available hybrid materials due to their specific optical, electronic, catalytic, and antimicrobial properties \[[@B17-molecules-19-06246],[@B18-molecules-19-06246]\]. The antimicrobial action of silver has led to its increase uses in numerous applications \[[@B19-molecules-19-06246]\]. It was reported previously that the dispersed silver ions are responsible for biological actions, especially against microorganisms \[[@B20-molecules-19-06246],[@B21-molecules-19-06246]\], whereby the aggregation of silver nanoparticles affects the antimicrobial activity. Inorganic nanomaterials can be dispersed in a polymer matrix \[[@B22-molecules-19-06246]\] or it can be chemically bonded to the polymer matrix to form a metal complex \[[@B23-molecules-19-06246]\]. The most important property of the polymer matrix required to prepare composites is the ability to form a metal chelate and its application as an ion capping agent \[[@B24-molecules-19-06246]\]. Shimura and Aramaki \[[@B25-molecules-19-06246],[@B26-molecules-19-06246]\] applied hybrid polymer composites as ultrathin films to protect iron against corrosion. In previous work, we used different types of magnetite and silver nanocomposites \[[@B27-molecules-19-06246],[@B28-molecules-19-06246],[@B29-molecules-19-06246],[@B30-molecules-19-06246]\] as dispersed corrosion inhibitors to protect iron from corrosion. In this work, polymer matrix based on encapsulated silver nanoparticles was prepared to apply as corrosion inhibitors on iron surface. Silver nanoparticles (AgNPs) were used to control the network growth of a polymer composite to prepare amphiphilic nanogel composites. Moreover, AgNP has higher antimicrobial activity and the ability to form self-assemblies with a unique facially amphiphilic nanogel structure consisting of N-isopropylacrylamide (NIPAm) and 2-acrylamido-2-methylpropane sulfonic acid (AMPS) as hydrophobic, hydrophilic moiety and AgNP coated with surfactant as amphiphilic moiety. Silver as a noble metal can resist corrosion in aggressive corrosive media. On the other hand, *N*-isopropylacrylamide (NIPAm) and 2-acrylamido-2-methylpropane sulfonic acid (AMPS) monomers were used to prepare the nanogel, which was expected to be effective as a corrosion inhibitor due the presence of amide and sulfonic groups. The idea of the present work is to use silver modified nanoparticles with polymerizable surfactants as a dispersant for preparation of well dispersed silver nanoparticles and apply them as corrosion inhibitors in acidic media. The nanoparticles can absorb the surfactants during the preparation procedure and then slowly release them in contact with aqueous hydrochloric acid. The nanoparticles were characterized by TEM and XRD techniques. Moreover, electrochemical impedance spectroscopy and polarization curve techniques were employed to investigate the corrosion inhibition efficiencies of the prepared nanocomposite for steel in 1 M HCl solution.

2. Results and Discussion
=========================

2.1. Preparation of Silver Nanoparticles
----------------------------------------

It was previously reported that aniline is a weak reducing agent and did not easily reduce silver ions when isolated under acidic conditions \[[@B31-molecules-19-06246]\]. It was also reported that the heating of a dodecylbenzene sulfonic acid, aniline and AgNO~3~ aqueous system cannot reduce the silver ions, even after heating for dozens of hours \[[@B32-molecules-19-06246]\], but the appearance of silver nanoparticles could be triggered by the addition of aqueous NaOH solution \[[@B32-molecules-19-06246]\]. Moreover, the silver nanoparticle color stability data indicated that the color did not change during storage, suggesting the good protecting effect of dodecylbenzenesulfonic acid by the monolayer surfactant coatings on the nanoparticle surfaces \[[@B33-molecules-19-06246]\]. The dispersion and particle size of silver nanoparticles was affected by the reaction temperature. Moreover, the oxidation product of aniline under alkaline conditions was irregularly substituted soluble oligoanilines with a possible phenazine cyclic structure \[[@B34-molecules-19-06246]\]. In the present work, *p*-choloroaniline (PCA) and polyoxyethylene 4-nonyl-2-propylenephenol maleate (NMA) were used as reducing and capping agent, respectively to prepare monodisperse silver nanoparticles at room temperature as illustrated in the [Experimental Section](#sec3-molecules-19-06246){ref-type="sec"}. The mechanism for the production of silver nanoparticles was assumed to be a three-stage model as shown in [Scheme 1](#molecules-19-06246-f009){ref-type="scheme"}.

In this respect, Ag ions form a complex with PCA and NMA. When the NaOH was added to the complex system the OH^−^ ions neutralize the carboxylic groups of NMA and react with Ag‏ to generate Ag~2~O aggregates *in situ*. Silver nanoparticles were produced by the PCA combined with the amalgamation/disaggregation of Ag~2~O aggregates \[[@B32-molecules-19-06246]\]. All Ag~2~O aggregates were dispersed and reduced finally to silver nanoparticles, which can be dispersed individually and stably in the system at a high concentration. It was expected that silver nanoparticles would present a uniform morphology with a narrow size distribution when prepared in the presence of PCA due to its fast reaction rate for conversion of Ag~2~O into silver nanoparticles in the presence of ionized NMA and PCA. The nucleation of silver nanoparticles might have occured by transferring charge from the carboxylic acid groups of NMA to Ag^+^ ions. Molecules of NMA get adsorbed on the silver nanoparticles due to the Coulomb force and form electrostatic double layers, which control the particle size. A diffuse double layer was formed by the adsorption of various layers of NMA due to the Van der Walls force of attraction. This may have thereby helped to cap the obtained silver nanoparticles, restrict the agglomeration and enhance the stability. Various surfactants and polymers are widely used to stabilize silver NP colloids. The increased stability of aqueous dispersions of silver NPs can be obtained via two kinds of protective mechanisms. The thickness of adsorbed layers of polymers and non-ionic surfactants at the phase interphase display a stabilizing effect with the steric repulsion mechanism \[[@B35-molecules-19-06246],[@B36-molecules-19-06246]\]. The second mechanism of dispersion system stabilization is based on an electrostatic repulsion in the presence of ionic surfactants, which causes to the NPs adhere to one via electrostatic protection \[[@B37-molecules-19-06246],[@B38-molecules-19-06246]\]. The mechanism of silver NP interaction with ionic surfactants has not been completely clarified \[[@B39-molecules-19-06246]\].

![Synthesis of AgNPS.](molecules-19-06246-g009){#molecules-19-06246-f009}

The reaction system variation was monitored using UV-Vis spectroscopy as shown in [Figure 1](#molecules-19-06246-f001){ref-type="fig"}a, where the UV-Vis samples were diluted 200-fold at room temperature before spectral measurements were made. The absorbance of the surface plasmon resonance of silver nanoparticles at around 405 nm became sharp and very strong suggesting that most silver nanoparticles had already been formed with high concentration (97% yield).

Transmission electron microscopy (TEM) has been used to characterize the size, shape and morphologies of the formed silver nanoparticles. The TEM image of the silver colloid is illustrated in [Figure 2](#molecules-19-06246-f002){ref-type="fig"}. The TEM image shows the presence of polydisperse and isotropic spherical nanoparticles with sizes ranging from 10 to 18 nm (average size of 15 nm) ([Figure 2](#molecules-19-06246-f002){ref-type="fig"}a). The presence of twinning in silver nanoparticles is observed in [Figure 2](#molecules-19-06246-f002){ref-type="fig"}a. The twinned particles were identified by showing brightness in part of the particles as compared to the other parts. Generally twinning, a planar defect, is observed for face-centered cubic (fcc) structured metallic nanocrystals \[[@B40-molecules-19-06246]\]. Sharing of a common crystallographic plane by two sub-grains increases the possibility to twinning \[[@B40-molecules-19-06246]\]. Face-centered cubic (fcc) structured metallic nanocrystals have a tendency to nucleate and grow into twinned particles with their surfaces bounded by lowest energy facets (111) \[[@B41-molecules-19-06246]\]. The lower size of silver nanoparticles indicated that silver nitrate was employed efficiently as a reducing agent and its concentration was sufficient to reduce all silver ions. Its XRD pattern ([Figure 3](#molecules-19-06246-f003){ref-type="fig"}a) showed characteristic diffraction peaks for metallic silver (111), (200), (220), and (311) facets \[[@B42-molecules-19-06246]\].

![UV-Vis spectra of (**a**) Ag NPs and (**b**) silver AMPS/NIPAm hybrid polymer.](molecules-19-06246-g001){#molecules-19-06246-f001}

![TEM micrographs of (**a**) Ag NPs and (**b**) silver AMPS/NIPAm hybrid polymer.](molecules-19-06246-g002){#molecules-19-06246-f002}

![XRD patterns of (**a**) Ag NPs and (**b**) silver AMPS/NIPAm hybrid polymer.](molecules-19-06246-g003){#molecules-19-06246-f003}

2.2. Synthesis of Hybrid Polymer
--------------------------------

In previous work \[[@B43-molecules-19-06246],[@B44-molecules-19-06246]\] we succeeded in preparing AMPS/NIPAm nanogels in both aqueous and nonaqueous solution. The present work aimed to prepare hybrid copolymers of NIPAm as hydrophobic monomer and AMPS as ionogenic monomer in the presence of MBA as a crosslinker and AgNPs. The reactivity ratios for the AMPS and NIPAM monomer, *r*AMPS and *r*NIPAm, were 11.0--11.6 and 2.1--2.4, respectively. The reactivity value of AMPS*(r*AMPS ) and NIPAm*(r*NIPAm ) are determined from the ratios between the mol fractions of monomer in feedstock and in polymer according to Fineman*-*Ross and Kelen*-*Tudos methods \[[@B33-molecules-19-06246]\]. The values of the reactivity ratios are different from those obtained by Xue *et al*. who reported that the copolymerization of NIPAm and AMPS in water changes the reactivity ratios to 2.4 and 0.03 for NIPAm and AMPS, respectively \[[@B33-molecules-19-06246]\]. The values of the reactivity ratios obtained indicate that the copolymerization is far from azeotropic, and the copolymers obtained should be block copolymers in nature \[[@B44-molecules-19-06246]\]. Based on the properties of AMPS/NIPAm copolymer gels, it is expected that a small content of AMPS will significantly increase the value of the lower critical solution transition temperature of NIPAm/AMPS copolymers, due to hydrophilicity of AMPS, up to a complete loss of the temperature-induced transition for the copolymers with a high AMPS content. Therefore, we decided to prepare crosslinked nanogels with a rather low content of AMPS. Accordingly, a synthetic diagram (described in the [Experimental Section](#sec3-molecules-19-06246){ref-type="sec"}) was designed to prepare core-shell crosslinked solid nanoparticles. The reaction procedure is described in [Scheme 2](#molecules-19-06246-f010){ref-type="scheme"}.

![Synthesis of silver AMPS/NIPAm hybrid polymer.](molecules-19-06246-g010){#molecules-19-06246-f010}

The NIPAm/AMPS nanogels were prepared in the presence of semi-interpenetrating PNIPAm polymer network nanoparticles. PNIPAm was first prepared followed by the direct polymerization of AMPS and NIPAAm monomers in a water solution containing cross-linker MBA. In this case, It is expected that, the PNIPAm particles form micelle like aggregates when interact with NIPAm/AMPS, and that the aggregates have much more nanostructures and functionalities. The AgNPs were chemically bonded with the produced nanogel by interaction with the amide and sulfonate groups of the AMPS/NIPAm nanogel. This statement can be proved by the disappearance of Ag~2~O nanoparticle plasmon, [Figure 1](#molecules-19-06246-f001){ref-type="fig"}b, at 800 nm and XRD analysis ([Figure 3](#molecules-19-06246-f003){ref-type="fig"}b). Moreover, the environmental stability of silver AMPS/NIPAm hybrid polymer to hydrochloric acid, which will be tested in the corrosion inhibition section, indicated the formation of chemical bonds between silver and nanogel.

[Figure 1](#molecules-19-06246-f001){ref-type="fig"}b shows the UV-Vis absorbance spectrum of AMPS/NIPAm-Ag NPs synthesized in the presence of nanogel. The peak was shifted from 405 nm to 429 nm for AMPS/NIPAm-Ag NPs and become broader than that obtained for AgNPs ([Figure 1](#molecules-19-06246-f001){ref-type="fig"}a). Moreover, a shoulder in the spectral range of 350--360 nm was also observed; this peak was due to SPR of quasi-spherical nanoparticles \[[@B45-molecules-19-06246]\]. The morphology of AMPS/NIPAm-Ag NPs was detected by TEM micrography and is presented in [Figure 2](#molecules-19-06246-f002){ref-type="fig"}b. It reveals that the darker spots were distributed in the nanogel particles with size diameters ranging from 18 to 25 nm (blob-like particles). As can be seen from [Figure 2](#molecules-19-06246-f002){ref-type="fig"}b, the particles were spherical in shape, uniform and monodisperse. The observation of some large particles may be attributed to the fact that the Ag NPs have a tendency to agglomerate due to their high surface energy \[[@B46-molecules-19-06246]\]. Careful inspection of high resolution TEM at 10 nm, [Figure 2](#molecules-19-06246-f002){ref-type="fig"}b, bottom, indicated the formation of core/shell structures. The Ag nanoparticles seem to be embedded in the AMPS/NIPAm matrix. Moreover, no particles appeared without silver. It is clear that the AMPS/NIPAm-Ag NPs particles consist of several crystalline silver grains and are not single crystals; however, the AgNPs in [Figure 2](#molecules-19-06246-f002){ref-type="fig"}a indicated that the silver small particles are formed as single crystals. This can be attributed to the silver core coalescence accompanied by a rearrangement of silver nanoparticles, and, finally, AMPS/NIPAm protected the particle surface. This multitude of configurations may be understood in terms of the great ease of structural transformations during polymer crosslinking growth \[[@B46-molecules-19-06246]\].

DLS measurements of Ag NPs and AMPS/NIPAm-Ag NPs were represented in [Figure 4](#molecules-19-06246-f004){ref-type="fig"}. The hydrodynamic average particle sizes of Ag NPs and AMPS/NIPAm-Ag NPs are 12.7 and 26.2 nm, respectively ([Figure 4](#molecules-19-06246-f004){ref-type="fig"}). The DLS data are in agreement with the TEM data. The slightly differences between TEM imaging and DLS measurements are possibly due to the drying forces present during TEM sample preparation. Moreover, DLS investigates the hydrodynamic diameter of the particles in solution which is based on the Brownian motion of the particles in the water. The hydrodynamic diameter of a particle in a specific solvent is dependent on the temperature, viscosity, and the translational diffusion coefficient of the particles. However, the hydrodynamic diameter measures all molecular size included stabilizer and hydration layer of water molecules.

![DLS measurements of (**a**) Ag NPs and (**b**) AMPS/NIPAm-Ag NPs nanogel.](molecules-19-06246-g004){#molecules-19-06246-f004}

The XRD of AMPS/NIPAm-Ag NPs was represented in [Figure 3](#molecules-19-06246-f003){ref-type="fig"}b. All reflections correspond to the presence of Ag metal with face-centered cubic (fcc) symmetry. The reflections were indexed as (111), (200) and (220) at 2θ degree values of 38.1, 44.3, 64.31, respectively (JCPDS-07-0783). The broad peaks at 23.1 degree indicated the semi crystalline AMPS/NIPAm nanogel. The intensity of peaks, [Figure 3](#molecules-19-06246-f003){ref-type="fig"}b, reflects the high degree of crystallinity of AgNPs \[[@B47-molecules-19-06246]\]. Moreover, the broadness of peaks indicated that the size of AMPS/NIPAm-Ag NPs was small. The estimated mean crystal size calculated by Scherer's equation was found to be 12.75 nm.

The chemical structure of the AMPS/NIPAm-AgNPs hybrid particles was further characterized by FTIR spectroscopy ([Figure 5](#molecules-19-06246-f005){ref-type="fig"}). The chemical structure of AMPS/NIPAm nanogel was represented in the previous work \[[@B45-molecules-19-06246]\]. For pure AMPS/NIPAm nanogel particles, the band at 2972 cm^−1^ was ascribed to the CH~3~ asymmetric stretching band; the primary amide carbonyl group peaks of AMPS and NIPAm units, and secondary amide N-H deformation peaks of nanogel units are observed at 1627 and 1545 cm^−1^, respectively. The band at 1465.3 cm^−1^ indicates C-H bending of CH~2~ groups, at 1384 cm^−1^ indicating the vibration of the isopropyl group, at 1216 cm^−1^, 1078 cm^−1^, and 1016 cm^−1^ indicating the asymmetric and symmetric stretching of S = O bond of SO~3~ groups. The N-H stretch band intensity was greatly reduced in the case of the AMPS/NIPAm-AgNPs hybrid particles compared to the nanogel alone. The amide carbonyl I band was shifted to 1657 cm^−1^ in the case of the AMPS/NIPAm-AgNPs. These results indicate that there is probably some interaction between AgNPs and the polymer backbone. The coordination of metal cations with nitrogen atoms resulted in a red shift of the frequency of the carbonyl group \[[@B48-molecules-19-06246]\].

![FTIR spectra of (**a**) AMPS/NIPAm nanogel and (**b**) silver AMPS/NIPAm hybrid polymer.](molecules-19-06246-g005){#molecules-19-06246-f005}

2.3. EIS Measurements
---------------------

EIS measurements on a steel electrode were performed to get information concerning the inhibition process. The Nyquist plots for steel in 1 M hydrochloric acid solution, blank, containing different concentrations of AMPS/NIPAm-AgNPs inhibitors (50--250 ppm) are shown in [Figure 6](#molecules-19-06246-f006){ref-type="fig"}. The impedance response consists of characteristic semicircles, which are composed of a capacitive loop whose size increases with increasing concentration.

![Nyquist plots for steel in 1 M hydrochloric acid solution containing different concentrations of AMPS/NIPAm-Ag NPs (square symbols represent experimental data and bold circles represent fitted data).](molecules-19-06246-g006){#molecules-19-06246-f006}

The diameter of the capacitive loop increases obviously with the increment of inhibitor concentration, which gives rise to more protection indicating the significant contribution of inhibitors in maximizing the corrosion resistance of steel in 1M HCl solution. This can be attributed to the formation of a protective layer at the steel surface. The equivalent circuit used for fitting the data is shown in [Figure 7](#molecules-19-06246-f007){ref-type="fig"}. R~s~ is the solution resistance between the working and reference electrode, R~ct~ is the charge-transfer resistance corresponding to the corrosion reaction at steel/electrolyte interface and Cdl is double layer capacitance. The corresponding fitting results are listed in [Table 1](#molecules-19-06246-t001){ref-type="table"}. It is noticeable that the addition of AMPS/NIPA-AgNPs increases the R~ct~ values, which enhanced upon increasing of the inhibitor concentration. It is also clear that the values C~dl~ exhibit a decreasing tendency with the increasing of inhibitor concentration. The results can be explained on the basis of gradual replacement of water molecules by adsorption of the inhibitor molecules at steel/solution interface and formation of a protective inhibitor film on the steel surface. The inhibition efficiency (IE%) can be calculated from the following equation: where R^1^~ct~ and R^2^~ct~ are the charge transfer resistances in absence and presence of the inhibitors, respectively. The inhibition efficiencies calculated from R~ct~ also increase with the increasing inhibitor concentration, and reach the maximum efficiency at the 250 ppm ([Table 1](#molecules-19-06246-t001){ref-type="table"}). It can be concluded that the higher R~ct~, the lower the steel corrosion rate and more efficient is the inhibitor.

![Equivalent electrical circuit used in fitting EIS data.](molecules-19-06246-g007){#molecules-19-06246-f007}

molecules-19-06246-t001_Table 1

###### 

Inhibition efficiency values for steel in 1M HCl with different concentrations of AMPS/NIPAm-Ag NPs calculated by polarization and EIS methods.

  Polarization Method   EIS Method                                                  
  --------------------- ------------ -------- ---------- ----- ------- ------ ----- -------
  Blank                 147.00       141.00   − 0.4034   745   \-      1.80   334   \-
  50                    79.40        98.33    − 0.4255   350   53.02   4.0    215   55.00
  150                   83.78        102.22   − 0.4338   317   57.40   4.8    163   62.50
  250                   77.43        97.57    − 0.4532   137   81.16   10.8   123   81.46

2.4. Polarization Measurements
------------------------------

Polarization curves of steel in 1M HCl solution without and with inhibitors at different concentrations are shown in [Figure 8](#molecules-19-06246-f008){ref-type="fig"}.

![Polarization curves for steel in 1M HCl solution containing different concentrations of AMPS/NIPAm-AgNPs.](molecules-19-06246-g008){#molecules-19-06246-f008}

The polarization curves shift directly to lower current densities, and the corrosion rate of steel has been decreased significantly with increasing the concentration of AMPS/NIPAm-AgNPs. Corrosion current densities were determined from the polarization curves by extrapolating the Tafel lines to corrosion potentials. The Tafel slope can be obtained by the Tafel extrapolation method as reported previously in the literature \[[@B49-molecules-19-06246],[@B50-molecules-19-06246],[@B51-molecules-19-06246],[@B52-molecules-19-06246]\]. The electrochemical parameters such as E~corr~, i~corr~, anodic (Ba) and cathodic (Bc) Tafel slopes (Ba) obtained from polarization curves are listed in [Table 1](#molecules-19-06246-t001){ref-type="table"}. The shift of ba and Bc indicate that the dissolution of steel as well as the cathodic reduction of oxygen is suppressed by the adsorption of AMPS/NIPAm-AgNPs on the steel surface. It can be concluded that AMPS/NIPAm-AgNPs acts as a mixed-type corrosion inhibitor, which suppresses both anodic and cathodic reaction by blocking the active sites of the steel surface \[[@B53-molecules-19-06246]\]. It can be seen that the addition of inhibitor to 1M HCl solution causes a slight shift in the values of E~corr~ in the negative direction in comparison to the result obtained in the absence of the inhibitor. The shift in corrosion potentials to a negative direction can be attributed to the strong influence of the inhibitor on the oxygen cathodic reduction. It was notable that the values of i~corr~ are greatly decreased in the presence of the inhibitors, and the inhibition efficiencies (IE%) can be calculated from i~corr~ as follows: where i^°C^~orr~ and i~corr~ are the uninhibited and the inhibited corrosion current densities, respectively. The data listed in [Table 1](#molecules-19-06246-t001){ref-type="table"} indicated that IE% increased with inhibitor concentration. Results of the inhibition efficiencies revealed the good inhibiting action of AMPS/NIPAm-AgNPs and the inhibition efficiencies reaching their maximum value at high concentrations (250 ppm). The inhibition efficiency obtained by the potentiodynamic polarization is consistent with those obtained by electrochemical impedance spectroscopy measurements.

3. Experimental Section {#sec3-molecules-19-06246}
=======================

3.1. Materials
--------------

Silver nitrate (AgNO~3~, purity 98%), *p*-chloroaniline (PCA), sodium hydroxide *N*-isopropyl acrylamide (NIPAm), 2-acrylamido-2-methylpropane sulfonic acid (AMPS), *N*,*N*-methylene-bisacrylamide (MBA) and potassium persulfate (KPS) were purchased from Sigma Aldrich Co. (Steinheim, Germany). NIPAm was recrystallized in toluene/*n*-hexane (60:40) mixture, and dried. AMPS and MBA were recrystallized from acetone and methanol, respectively. Polyoxyethylene 4-nonyl-2-propylenephenol nonionic reactive surfactant (nonylpropylenephenol with 10 ethylene oxide groups) was provided as NoigenRN-10 by Daichi Kogyo Seiyaku (Kyoto, Japan) and used as received. Maleic anhydride (MA), hydroquinone, 4-dimethylamino pyridine (DMAP), and chloroform were purchased from Aldrich and used as received. All aqueous solutions were prepared with distilled water.

The ester product between NoigenRN-10 and MA was previously prepared \[[@B54-molecules-19-06246]\] and designated as NMA. In this respect, NoigenRN-10 (36.4 g, 0.05 mol) and hydroquinone (0.02 g) as inhibitor were dissolved in chloroform (25 mL) as solvent. Hydroquinone was used to inhibit the polymerization of the propylene group of NoigenRN-10. A solution of MA (8.82 g, 0.09 mol) and DMAP (0.09 g) in chloroform (45 mL) was added to the reaction mixture. DMAP was used as catalyst to esterify the hydroxyl end group of NoigenRN-10 with MA. The reaction temperature was increased to 60 °C for 24 h with vigorous stirring. The reaction mixture was extracted and carefully washed with water (5 × 50 mL) after being cooled to room temperature. The extracted mixture was evaporated in a rotary evaporator to remove the chloroform, resulting in 36.2 g; 88% of yellowish brown oil.

3.2. Preparation Methods
------------------------

### 3.2.1. Preparation of Silver Nanoparticles

In a typical synthesis, NMA (3.26 g, 10.0 mmol) was dissolved in distilled water (90 mL), followed by the addition of PCA (0.184 g, 2.0 mmol) under vigorous stirring until a transparent solution formed. Next, a AgNO~3~ aqueous solution (10 mL, 0.20 mol/L) was added to the solution, and the resultant mixture was stirred for 15 min to form a NMA-PCA-AgNO~3~ aqueous system (NPA system). The NPA mixture was heated to 50 °C, followed by the addition of aqueous NaOH solution (4.5 mL, 3.0 mol/L). The mixture was kept at 50 °C under stirring for 2 h until the white AgCl precipitate was not observed when a 1.0 mol/L NaCl solution was added to the above reaction system. This test was used to indicate that a nearly 100% yield of silver nanoparticles (Ag NPs) were produced from the AgNO~3~ precursor. The Ag NPs were isolated after ultracentrifuge three time of solution at 21,000 rpm for 1 h. The powder was washed with ethanol five times to insure that the extra amount of NMA surfactants was isolated.

### 3.2.2. Preparation of Silver AMPS/NIPAm Hybrid Polymer

Silver AMPS/NIPAm hybrid polymer was prepared through a modified temperature programmed in the presence of water as a solvent and free surfactant technique. The NIPAm (13.3 mmol), AMPS (0.66 mmol) and MBA (0.67 mmol) monomers were dissolved in water (50 mL) and preheated to 50 °C for 30 min under a nitrogen atmosphere. The polymerization process was initiated by adding KPS (0.47 mmol) and AgNPs (0.1 g) dissolved in 50 mL for an interval of 2 h. The reaction temperature was increased up to 70 °C at a rate of 5 °C per 15 min, and then kept at 70 °C for 4 h. The resultant silver AMPS/NIPAm hybrid polymer was purified by ultracentrifugation at 21,000 rpm and the resultant particles were dispersed in water and re-precipitated in a 10-fold volume of acetone. The same procedure was applied to prepare AMPS/NIPAm nanogel but without addition of AgNPs.

3.3. Characterization
---------------------

Ultraviolet visible (UV-Vis) absorption spectra were obtained with a Techcomp UV2300 spectrophotometer (Shanghai, China). Fourier Transform infrared (FTIR) spectroscopic analysis of the samples was performed using a Spectrum One FTIR spectrometer (Perkin-Bhaskar-Elmer Co., Boston, MA, USA). The morphology and structure of the prepared magnetic nanoparticles were determined using high-resolution transmission electron microscopy (HR-TEM). HR-TEM images of the nanocomposites were recorded using a JEM-2100 F (JEOL, Tokyo, Japan) at an acceleration voltage of 150 kV. The particle size distributions (PSDs) were determined from TEM microphotographs on representative samples of more than 1,000 particles of magnetic latexes and analyzed using the Bolero software (AQ Systems, Tyresö, Sweden). XRD analysis of the MMT and nanogel was performed using an X-ray diffractometer (X'Pert, Philips, Eindhoven, The Netherlands) with Cu K*α* radiation of wavelength 1.54 Å, operating at a voltage of 40 kV and a current of 40 mA at a rate of 2° min^−1^ and in the range 2*θ* = 0--100°.

Particle size measurements were performed using a dynamic light scattering (DLS) instrument a NicompTM model 380 particle sizing system (Santa Barbara, CA, USA) with software version C-370 V-1.51a, and equipped with a fixed 90^o^ external fiber angle and a 632.8 nm, 5 mW He-Ne laser.

3.4. Electrochemical Measurements
---------------------------------

Impedance measurements were carried out using a computer-controlled potentiostat (Solartron 1470E system) with Solartron 1455A as frequency response analyzer in a conventional three-electrode cell system. Steel specimens with composition (wt %): 0.14% C, 0.57% Mn, 0.21% P, 0.15% S, 0.37% Si, 0.06% V, 0.03% Ni, 0.03% Cr and Fe (balance) were used as working electrode (WE). A platinum electrode and saturated calomel electrode (SCE) were used as counter electrode (CE) and reference electrode (RE), respectively. Prior to any test, the exposed area of steel working electrode was mechanically ground with a sequence of silicon carbide emery papers of different grits (200, 400, 600, 800, 1,000, 1,200 and 2,000) and, then rinsed with distilled water. The AC frequency range was extended from 10 KHz to 10 MHz. Potentiodynamic polarization measurements were conducted with the same equipment used for impedance measurements leaving the frequency response analyzer out of consideration. Data were collected and analyzed using CorrView, Corr- Ware, Zplot and ZView software.

4. Conclusions
==============

The TEM images of newly prepared AgNPs indicate the presence of monodispersed and isotropic spherical nanoparticles with an average size of 15 nm ranging from 10 to 18 nm size with the formation of twin particles. The twinned particles were identified the brightness shown in part of the particles as compared to the other parts. Generally twinning, a planar defect, is observed for face-centered cubic (fcc) structured metallic nanocrystals. The analysis indicated that there is probably some interaction between AgNPs and the polymer backbone of AMPS/NIPAm with the darker spots distributed in nanogel particles with size diameter ranged from 18 to 25 nm (blob-like particles). AMPS/NIPAm-AgNPs exhibit good inhibitory properties against steel corrosion in 1 M HCl solution and the inhibition efficiency increased with increasing inhibitor concentration. The addition of AMPS/NIPAm-Ag NPs to 1M HCl solution greatly decreases the cathodic and anodic currents and the inhibitor acts as a mixed-type inhibitor. The results of polarization and EIS measurements show good protection of steel by AMPS/NIPAm-AgNPs and a satisfactory agreement is obtained with the results of polarization and EIS methods.
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